We employed a multilocus approach to examine the effects of population subdivision and natural selection on DNA polymorphism in 2 closely related wild tomato species (Solanum peruvianum and Solanum chilense), using sequence data for 8 nuclear loci from populations across much of the species' range. Both species exhibit substantial levels of nucleotide variation. The species-wide level of silent nucleotide diversity is 18% higher in S. peruvianum (p sil % 2.50%) than in S. chilense (p sil % 2.12%). One of the loci deviates from neutral expectations, showing a clinal pattern of nucleotide diversity and haplotype structure in S. chilense. This geographic pattern of variation is suggestive of an incomplete (ongoing) selective sweep, but neutral explanations cannot be entirely dismissed. Both wild tomato species exhibit moderate levels of population differentiation (average F ST % 0.20). Interestingly, the pooled samples (across different demes) exhibit more negative Tajima's D and Fu and Li's D values; this marked excess of low-frequency polymorphism can only be explained by population (or range) expansion and is unlikely to be due to population structure per se. We thus propose that population structure and population/range expansion are among the most important evolutionary forces shaping patterns of nucleotide diversity within and among demes in these wild tomatoes. Patterns of population differentiation may also be impacted by soil seed banks and historical associations mediated by climatic cycles. Intragenic linkage disequilibrium (LD) decays very rapidly with physical distance, suggesting high recombination rates and effective population sizes in both species. The rapid decline of LD seems very promising for future association studies with the purpose of mapping functional variation in wild tomatoes.
Introduction
Understanding the evolutionary forces that shape patterns of nucleotide diversity within and among populations and recently diverged species is an important aim of population genetics. Generally, patterns of genetic diversity within and among populations are influenced both by evolutionary processes that affect the entire genome, such as demographic history and population structure, and by processes that act at individual genes such as natural selection. A multilocus approach is a powerful way to disentangle the effects of different evolutionary forces on DNA variation. This approach has been used for several well-studied species of Drosophila (e.g., Glinka et al. 2003; Das et al. 2004; Ometto et al. 2005) , Arabidopsis (Wright et al. 2003; Ramos-Onsins et al. 2004; Nordborg et al. 2005; Schmid et al. 2005) , and maize (Tenaillon et al. 2004; Wright et al. 2005) .
In the presence of population structure, several factors including levels of gene flow among populations and the number of demes are expected to contribute to levels of nucleotide diversity within and among populations and consequently influence species-wide levels of variation (Whitlock and Barton 1997; Wakeley and Aliacar 2001; Laporte and Charlesworth 2002) . There is considerable evidence that population structure shapes patterns of genetic variation in many plant species, such as Arabidopsis thaliana (Sharbel et al. 2000; Schmid et al. 2006) , Arabidopsis lyrata (Wright et al. 2003; Clauss and Mitchell-Olds 2006) , Populus tremula (Ingvarsson 2005) , Silene tatarica (Tero et al. 2003) , Pinus densata (Ma et al. 2006) , and teosinte (Moeller et al. 2007 ). The effects of population structure might also influence the magnitude and pattern of linkage disequilibrium (LD; Ostrowski et al. 2006; De and Durrett 2007) and may also yield spurious associations in association studies (e.g., Helgason et al. 2005) .
In principle, several factors can increase levels of LD, for instance, population structure, low recombination rate, natural and artificial selection, inbreeding, and small effective population size. However, other factors such as outcrossing, high recombination rate, and large effective population size may propel a decay of LD (reviewed by Gupta et al. 2005) . Since the availability of genome-wide sequences and/or single nucleotide polymorphism (SNP) maps, LD mapping has been used extensively in animal and plant systems, as well as to dissect the molecular bases of human diseases (Flint-Garcia et al. 2003; Rafalski and Morgante 2004) . Therefore, a detailed understanding of the extent and patterns of LD within a given target species will facilitate the choice of appropriate methodology for association mapping. Even though LD has received much attention recently, more studies are needed to investigate patterns of LD as well as factors that influence LD. In plant genomics, only a few well-studied species such as A. thaliana, P. tremula, rice, maize, barley, and sunflower have been characterized for the extent and decay of LD with physical distance (Lin et al. 2001; Remington et al. 2001; Tenaillon et al. 2001; Nordborg et al. 2002; Garris et al. 2003; Kraakman et al. 2004; Ingvarsson 2005; Liu and Burke 2006) .
Wild tomatoes (Solanum section Lycopersicon) have become a suitable plant model system for evolutionary analyses because of their recent divergence, the clear phenotypic distinction, and the great diversity of mating systems. Wild tomatoes are native to western South America, with 2 endemic species in the Galapagos Islands (Rick 1986; Taylor 1986; Spooner et al. 2005) . Our earlier studies based on single populations in 5 species suggested that nucleotide diversity in wild tomatoes is influenced by the mating system and among-locus variation in neutral mutation rate and/or selective constraints among loci, whereas evidence for positive selection was scarce Städler et al. 2005) . Consequently, if positive directional selection does not have a large impact on patterns of sequence diversity in these wild tomato species, then the analyses of demographic processes and population structure become more significant for understanding levels and patterns of diversity and historical events.
In this study, we adopt a multilocus approach to examine the effects of population structure and demographic history on nucleotide variability in wild tomatoes. We also characterize the (intragenic) decay of LD using multiple natural populations for each of the self-incompatible, closely related species Solanum peruvianum and Solanum chilense. We ask specifically 1) What are the patterns of nucleotide diversity in wild tomatoes? 2) Do wild tomato populations show genetic differentiation? 3) How fast is the decline of LD with physical distance in these 2 closely related wild tomato species? Using polymorphism data for 8 effectively unlinked nuclear loci, we found substantial levels of nucleotide polymorphism and modest levels of population differentiation in both species. More interestingly, the presence of population structure (as well as sampling design) may have facilitated the discovery of a clinal pattern of nucleotide variation at one of the loci in S. chilense. Furthermore, LD decays very rapidly, reflecting fairly high rates of recombination at all loci as well as high effective population size.
Materials and Methods

Plant Samples and Loci Studied
Wild tomatoes have been taxonomically reassigned to the genus Solanum section Lycopersicon (Spooner et al. 1993 (Spooner et al. , 2005 Olmstead et al. 1999; Peralta and Spooner 2001) . For this study, we adopted the new nomenclature and chose 2 self-incompatible, obligately cross-fertilizing wild tomato species. Solanum peruvianum is distributed along the western side of the Andes from north-central Peru to northern Chile and S. chilense from southern Peru to northern Chile (cf., fig. 1 in Städler et al. 2005) . Both studied species are patchily distributed and grow in diverse habitats from sea level to the highland up to 3,000 m (Rick 1979 (Rick , 1986 Taylor 1986 ). In their native habitats, it appears that S. peruvianum is the most widespread and highly subdivided species; it is also characterized by substantial morphological diversity within and among populations (Rick 1979 (Rick , 1986 . In order to adequately sample the geographic ranges of the species, 3 new population samples of each species were collected in Peru by Städler T and Marczewski T (May 2004) : Arequipa (ARE), Nazca (NAZ), and Canta (CAN) for S. peruvianum and Tacna (TAC), Moquegua (MOQ), and Quicacha (QUI) for S. chilense; the population samples and geographic locations are summarized in table 1. The sampled natural populations varied from a low census size of 9 isolated plants along 1.3 km of highway (ARE) to .200 in more densely growing, continuous roadside populations (CAN and MOQ). Based on local availability, we randomly sampled between 5 and 7 plants per population. Voucher specimens have been deposited at the herbaria of the Universidad San Marcos (USM, Lima, Peru) and Munich Systematic Botany (MSB, Munich, Germany). In addition, we included one population sample of each species from an earlier analysis ; these samples were obtained from the Tomato Genetics Resource Center at University of California, Davis (http://tgrc.ucdavis.edu): accessions LA2744 (S. peruvianum; Tarapaca [TAR]) and LA2884 (S. chilense; Antofagasta [ANT]) also represent random samples from each source population as the plants used for DNA extraction were each grown from seeds collected from separate wild plants.
For each population, we generally analyzed 5 or 6 individuals (10 or 12 alleles) at 8 unlinked nuclear loci that represent a subset of those studied earlier (CT093, CT208, CT251, CT066, CT166, CT179, CT198, and CT268; Roselius et al. 2005; Städler et al. 2005) . These loci correspond to anonymous, single-copy cDNA markers originally mapped by Tanksley et al. (1992;  see also http://www. sgn.cornell.edu). Extensive sequence information is available for many of the mapped cDNA markers (Ganal et al. 1998) , which have been integrated into longer ''tentative consensus'' sequences in the Tomato Gene Index at the Institute for Genomic Research (http://www.tigr.org/tdb/lgi). Putative functions have been proposed for all these loci (see Roselius et al. 2005 ), but they were not chosen based on functional criteria. The loci encompass regions of low to high recombination rates as estimated by Stephan and Langley (1998) .
DNA Amplification and Sequencing
We isolated genomic DNA from dried leaves of mature plants using the DNeasy Plant Mini Kit (Qiagen GmbH, Hilden, Germany). Polymerase chain reaction (PCR) primers were designed based on the published cDNA or genomic DNA sequences from Solanum lycopersicum (see Städler et al. 2005) . PCR primers and conditions are deposited at http://www.zi.biologie.unimuenchen.de/evol/Downloads.html. PCR products were sequenced directly from both strands on an ABI3730 DNA analyzer (Applied Biosystems, Foster City, CA). Direct sequencing was also used to confirm polymorphic sites in heterozygotes. Because it is essential to resolve haplotypes, we designed haplotype-specific sequencing primers based on heterozygous nucleotides or indels as previously described . Haplotype phase was thus completely resolved for all new sequences. Sequences were edited and aligned using the Sequencher program (Gene Codes, Ann Arbor, MI) and adjusted manually. Locus CT208 was resequenced for both the TAR and ANT samples. Moreover, we designed new primers for CT166 and CT208, for which shorter PCR products were sequenced than previously (Baudry et al. 2001; Roselius et al. 2005) . All new sequences have been deposited with the GenBank database with accession numbers EU077613-EU078167.
Estimation of Nucleotide Diversity and Neutrality Tests
We estimated levels of nucleotide diversity for all sites and for silent sites only (using noncoding and synonymous sites), calculating Watterson's (1975) estimator h w 5 4 N e m (where N e denotes the effective population size and m the mutation rate per site and generation) and p, the average number of pairwise differences per site between sequences in a sample (Nei 1987) . Because our analyses encompass multiple samples from subdivided populations, we also obtained species-wide estimates of the parameter h by calculating p between . This was accomplished by including all pairwise comparisons of sequences obtained from different demes but excluding pairwise comparisons within demes; this approach eliminates undesirable effects of the scattering phase of the coalescent process in substructured populations and should yield unbiased estimates of h (Wakeley 1999 (Wakeley , 2001 .
We tested for deviations from neutrality using Tajima's D statistic (1989) . This test measures skews in the frequency spectrum; a negative D value indicates an excess of rare polymorphisms, and a positive D suggests an excess of intermediate-frequency polymorphisms. Tajima's test is conservative for testing departures from neutral equilibrium conditions, in particular under the assumption of no recombination. We also employed Fu and Li's D (Fu and Li 1993) and Fay and Wu's (2000) H statistic. The H statistic measures the differences between the average number of nucleotide differences and the estimator h H , which is based on the frequency of ''derived'' variants. A significantly negative H value indicates an excess of high-frequency derived variants, which may be indicative of positive selection. The significance of H was evaluated by 10,000 coalescent simulations, using the observed number of segregating sites and no recombination. All standard analyses were performed in DnaSP version 4.0 (Rozas et al. 2003) . In addition, we used the multilocus Hudson-Kreitman-Aguadé test (HKA, Hudson et al. 1987) to assess the ratio of polymorphism within species to the divergence between species, as implemented in Hey's program HKA (http://lifesci.rutgers. edu/;heylab). Significance of Tajima's D and Fu and Li's D values was also assessed using 10,000 coalescent simulations in the HKA program. In the tests mentioned above, we used sequences from Solanum ochranthum or Solanum lycopersicoides as outgroup data , except for CT208 for which we obtained a new sequence from S. ochranthum.
Tests of Population Differentiation
In order to quantify the extent of population differentiation within species, we estimated the standard F st statistic based on the method of Hudson et al. (1992) , as implemented in the DnaSP program. F st is an estimate of population differentiation measuring the differentiation of subpopulations relative to the total (sampled) population. Population substructure within each species was thus quantified on a locus-by-locus basis as well as between all pairs of populations. Population differentiation was additionally assessed using Hudson's S nn statistic (2000) in combination with permutation tests (10,000 permutations). We also quantified levels of differentiation within and between species in a hierarchical analysis of molecular variance approach (AMOVA; Excoffier et al. 1992) , as implemented in Arlequin 3.1 (Excoffier et al. 2005 ).
Analyses of Recombination and Intragenic LD
We estimated the minimum number of recombination events (R m ) using the 4-gamete test of Hudson and Kaplan (1985) and the population recombination parameter q, where q 5 4N e c and c the recombination fraction per generation between sites, using Hudson's (2001) composite likelihood method, as implemented in the LDhat 2.0 package (McVean et al. 2002) . Moreover, we calculated the degree of LD in terms of the Z ns statistic (Kelly 1997) , which is the average of squared allele-frequency correlations (r 2 ; Hill and Robertson 1968) over all pairwise comparisons.
We investigated the decay of intragenic LD with physical distance following the methods of Remington et al. (2001) . The estimates of LD were calculated by using r 2 between pairs of polymorphic sites. The expected decay of LD was modeled as
where n denotes the number of sequences (Hill and Weir 1988) . We fitted this equation to the data using the R statistical package (http://www.r-project.org/). The nonlinear regression yields a least-squares estimate of q per basepair; this estimate may not be precise and unrealistic due to several factors, for example, the nonindependence between linked sites and the nonequilibrium populations. Nonetheless, this model is useful to characterize the rate of decay of LD (e.g., Remington et al. 2001; Brown et al. 2004; Ingvarsson 2005; Liu and Burke 2006) . These analyses were performed separately for each locus, both within populations and for the combined data set, and for all 8 loci together. Sites with observed multiple hits were excluded in the recombination and LD analyses, and all singletons were removed in the LD analyses.
Results
Patterns of Nucleotide Diversity and Tests of Neutrality
We sequenced 8 unlinked nuclear loci in 3 populations of each species, with a total concatenated length of .10 kb per ''allele.'' We also added one population of each species from an earlier study . Therefore, in this study, we evaluated in total 4 populations and about 40-46 alleles per locus per species. The total length (including indels) of the individual loci ranges from 778 bp to 1,887 bp. Most of the loci contained both coding and noncoding sites (introns and/or flanking regions), except for CT066 and CT268 that contribute only coding sites (table 2). We quantified polymorphism by using Watterson's h w and p for all sites (h all , p all ) and for silent sites (h sil , p sil ). For each locus and each population, estimates of nucleotide diversity are given in supplementary table 1 (Supplementary Material online). Across individual loci, the species-wide level of variation (p all ) varies from ;0.57 to 2.69% in S. peruvianum and ;0.55 to 1.66% in S. chilense. CT198 and CT179 appear to be the most polymorphic loci, whereas CT093 shows the least polymorphism in both species.
We also calculated the weighted average levels of nucleotide diversity across all 8 loci for each population, as presented in table 3. Most of the loci and populations generally exhibit substantial levels of polymorphism. In S. peruvianum, we found that the northernmost population (CAN) shows the highest level of variability, which is a bit higher than that of the southernmost population (TAR), whereas the ARE population exhibits the lowest level of polymorphism. In S. chilense, the 3 new populations (TAC, MOQ, and QUI) display comparable levels of sequence diversity, which are about twice as high as in the ANT population.
We used Tajima's D (Tajima 1989 ) and Fu and Li's D statistics (Fu and Li 1993) to test for deviations from the standard neutral model. Based on these statistics, most of the populations do not show significant departures from neutral equilibrium expectations. The only 2 exceptions are the ARE and ANT populations. The ARE population shows significant deviations from the neutral equilibrium Tajima's D (1989) , Fu and Li's D statistics (1993) , and HKA test (Hudson et al. 1987) ; multilocus tests using the HKA program. c Analyses of the combined samples (within species).
* P , 0.05, ** P , 0.01, *** P , 0.001. We also evaluated levels of nucleotide variation using the combined samples in both species (treated as a single population per species; table 3). We found an interesting pattern, in that the h estimates are consistently higher than the mean hs for individual populations, whereas the p estimates are less affected by pooling the samples (see supplementary table 1, Supplementary Material online). Hence, we obtained a highly significantly negative multilocus Tajima's D for the combined sample of S. peruvianum sequences (D T 5 À1.06, P , 0.001). Using the combined sample for S. chilense, Tajima's D is negative but only marginally significant (D T 5 À0.53, P 5 0.07). Similarly, for Fu and Li's D statistic both species exhibit significantly negative values when the population samples are combined, reflecting a marked excess of singletons in the samples (table 3) . We will discuss and evaluate this striking pattern in Discussion. The species-wide estimates of p (based on interdeme sequence divergence, p between ) exceed the values for the combined species samples (table 3) , which is expected because potentially closely related sequences sampled from the same populations do not contribute to these estimates. Furthermore, we applied the H test of Fay and Wu using S. ochranthum or S. lycopersicoides as outgroups (based upon availability; Roselius et al. 2005) . At locus CT208, 2 S. chilense populations (TAC and MOQ) show significantly negative H values (H 5 À15.12, P 5 0.02 for TAC and H 5 À21.33, P , 0.001 for MOQ) that indicate an excess of high-frequency derived variants (Fay and Wu 2000) . Figure 1 summarizes patterns of nucleotide variation at locus CT208 across the S. chilense populations. The northernmost QUI population exhibits more SNP variants that are shared with the outgroup than the majority SNP variants found in the MOQ and TAC samples. We identified the alleles that are similar to the outgroup as the ''ancestral'' haplotype group and the other alleles as the derived haplotype group. We found that the MOQ population shows a very high frequency of derived variants, in that only one allele belongs to the ancestral haplotype group. Likewise, only 2 of 12 sequenced alleles in the TAC population are of the ancestral group. In addition, the derived group has apparently fixed in the southernmost ANT population; this clinal pattern of nucleotide variation is suggestive of the possibility of selection.
Additionally, the multilocus HKA test (Hudson et al. 1987 ) was used to assess departures from the neutral model. We observed no evidence for any significant deviations in S. peruvianum. In S. chilense, none of the new populations show significant deviations from the neutral model, whereas the ''old'' ANT population clearly departs from the neutral model (P 5 0.02), as shown in table 3. A statistically significant HKA test was also found in our previous study, which was based on 14 loci ). Table 4 shows estimates of F st and results of the permutation test of population differentiation across all 4 populations per species. In S. peruvianum, we observed significant genetic differentiation at all 8 loci, with F st ranging from 0.081 (CT166) to 0.352 (CT066). The average F st estimate is 0.198 for S. peruvianum, which is slightly lower than the value for S. chilense (F st 5 0.232). As in S. peruvianum, all loci exhibit significant population differentiation in S. chilense, although test statistics other than S nn might not infer significant differentiation at CT066. Because levels of differentiation (as assessed by the F st statistic) are elevated in both species due to the presence of low-polymorphism populations (ARE and ANT), we also repeated this analysis under exclusion of these samples. Based on the remaining 3 populations per species, average F st values are 0.138 in S. peruvianum and 0.188 in S. chilense.
Levels of Population Differentiation
In addition, we calculated among-population pairwise estimates of F st across 8 loci, as summarized in table 5. In S. peruvianum, the populations separated by the largest geographic distance (TAR-CAN) are the least differentiated (F st 5 0.088), which is mainly attributable to their high within-population diversity (table 3) . Estimates of F st may be somewhat misleading because of their dependency on levels of intrademe variation; hence, we also calculated p between as an estimate of divergence that should be unaffected by levels of local sequence diversity. When quantified in this manner, the pairwise estimates of among-population divergence show remarkably similar values, with somewhat lower divergence between ARE and NAZ. In S. chilense, the F st estimate between the geographically fairly close populations TAC and MOQ is very low (F st 5 0.017), which is partly due to their high within-population diversity. In contrast, the other population pairs show substantial levels of differentiation (F st . 0.17). Analyses using p between suggest that the low-diversity sample ANT is equally divergent from both TAC and MOQ as these high-diversity populations are from each other; rather, it is the northernmost QUI sample that shows evidence of elevated levels of divergence from the 3 other populations (table 5) .
A hierarchical AMOVA approach was used to additionally quantify differentiation between the species. We observed 30.3% of the total variation among species and only 10.1% among populations within species, whereas 59.6% of the total variation was found within populations. Thus, the fixation index among species is 0.303, and permutation tests are highly significant (P , 0.001), suggesting a considerable level of differentiation between S. peruvianum and S. chilense. It clearly exceeds the level of differentiation between subpopulations within species.
Recombination and Intragenic LD Primarily because of haplotype structure at several (ARE; S. peruvianum) or most loci (ANT; S. chilense), estimates of recombination and intragenic LD for these samples are presented in supplementary table 2 (estimates of the recombination parameter q are often zero, and LD decays more slowly with distance; these populations have been excluded from the LD-decay analyses below). Using the 4-gamete test to infer the minimum number of recombination events (R m ) in the 6 other populations, we found very diverse estimates across loci, varying from 0 to 13 for individual population samples (table 6). In both species, these R m estimates are higher for the analyses of the combined samples (with 30-36 alleles per species). Overall, the estimated minimum number of recombination events is largely consistent with the levels of physical recombination rate for each locus except for CT251; this locus exhibits high R m estimates in both species, in contrast to its low recombination rate estimated by Stephan and Langley (1998) .
We also estimated the population recombination parameter (q) at each locus using the composite-likelihood approach of Hudson (2001) . For single population samples, q ranges from 0 to 0.102 per site in S. peruvianum and from 0 to 0.053 in S. chilense (table 6). Using the locus-specific FIG. 1.-Clinal pattern of nucleotide variability (SNPs) at locus CT208 in Solanum chilense. From top to bottom, samples are ordered from the south (ANT) to the north (QUI) of the geographic range. Sample identifiers are given in the left column. The polymorphic sites shown here are distributed over the entire (sequenced) locus (;1.1 kbp). Nucleotide positions at which the outgroup sequence (Solanum ochranthum) differs from all S. chilense sequences were eliminated for visual clarity. means of the values obtained for individual populations, we computed the weighted average of q in S. peruvianum (q ; 0.0234), which is almost 3-fold higher than in S. chilense (q ; 0.0084). In order to achieve more power for the analysis, we combined 2 populations per species and treated them as single samples. Because both the TAR-CAN (S. peruvianum) and TAC-MOQ (S. chilense) pairs show relatively low levels of population differentiation (table 5), these were chosen for the combined analysis. The weighted average q across the 8 loci is ;0.0348 based on the 2 relatively undifferentiated populations in S. peruvianum, whereas the corresponding weighted average q is ;0.0238 in S. chilense. The ratio of these q estimates is about 1.5, which is close to the ratio of the h estimates for both species (see table 3).
Assuming equilibrium conditions, one may calculate estimates of the effective population size based on the population parameters q and h, where q 5 4N e c and h 5 4N e l. In this study, we estimate the effective population size of wild tomatoes on the basis of q, using the average physical recombination rate per generation based on the 6 loci with an estimated c . 0 (excluding CT093 and CT208; Roselius et al. 2005) . Using the estimated mean q based on 2 relatively undifferentiated populations per species (see above) and c ;1.51 Â 10 À8 , we obtain estimates of N e ;6.87 Â 10 5 for S. peruvianum and ;5.04 Â 10 5 for S. chilense. These N e estimates are somewhat lower than estimates based on h from our previous study ; and taking into account the higher levels of polymorphism for S. chilense found in the present study). Figure 2 illustrates the decline of LD with physical distance, using pooled data of all 8 loci for the nonlinear regression model. The expected value of r 2 decays to negligible levels (i.e., ,0.05) within ,150 bp for the combined sample in S. peruvianum ( fig. 2A) and within ,750 bp in S. chilense ( fig. 2B ). Within individual populations, LD decays less rapidly (about 2-to 4-fold larger distances), which is mainly due to the smaller sample size and (to a lesser extent) lower polymorphism levels for single population samples. The effect of sample size is shown in supplementary figure 1 (Supplementary Material online) , for which we created pooled samples of size 12 (i.e., using 4 randomly selected alleles per population); these samples by and large mirror the decay of LD in the most polymorphic single-population samples (with similar sample size). Moreover, we present the decay of LD with physical distance for each locus separately, as shown in supplementary figures 2 and 3 (Supplementary Material online) . Generally, the decay of LD is relatively fast in both species, whereas CT208 exhibits somewhat higher levels of LD than the other loci in S. chilense. This is certainly caused by the clinal pattern of SNP and haplotype structure at this locus (see fig. 1 ). Finally, it does not seem that the decay of LD is much faster at loci with higher recombination rates.
Discussion
Levels and Patterns of Nucleotide Diversity
Both studied wild tomato species exhibit substantial levels of nucleotide variation. The species-wide level of silent polymorphism (p sil ) across 8 loci is 0.0250 per site in S. peruvianum and 0.0212 in S. chilense. These average values of silent diversity are similar to that obtained for wild sunflower ( For species characterized by population subdivision, the number of demes is an important factor that might influence the species-wide level of variation (Whitlock and Barton 1997; Pannell and Charlesworth 1999; Wakeley 2001; Laporte and Charlesworth 2002) . Given that S. peruvianum appears to be more patchily distributed than S. chilense (Rick 1986; Städler T, personal (2000), evaluated by 10,000
observation), it is
permutations. *** P , 0.001. not necessarily surprising to find higher levels of nucleotide polymorphism in S. peruvianum than in S. chilense. However, other factors might also contribute to this difference between both species, such as population bottlenecks and/ or range or demographic expansions since species divergence. Different levels of local (population-specific) nucleotide diversity can easily be accounted for under models allowing for differences among demes in population size, fraction of immigrants, and contributions to the migrant pool (Wakeley 2001) . For example, the low-diversity populations ARE and ANT may be very isolated from other regional demes and, hence, may have received few immigrant genes over appreciable timescales, leading to the partial loss of diversity, haplotype structure, and predictable changes in the site-frequency spectrum (De and Durrett 2007) .
Evidence for an Ongoing Selective Sweep in S. chilense Locus CT208 in S. chilense features an intriguing geographic pattern of nucleotide diversity, in that levels of nucleotide variation gradually diminish from north to south, with essentially no variation in the southernmost sample. Moreover, the northernmost population exhibits many haplotypes distinguished by ancestral variation (SNPs), whereas the southernmost sample is fixed for a derived haplotype. In other words, the frequency of derived variants increases from north to south, with significantly negative H values for the MOQ and TAC populations, where the derived haplotype group is nearly fixed (9:1 and 10:2, respectively, cf. fig. 1 ). This clinal pattern of nucleotide variation is one of the first such instances in plants that we are aware of. One example is a recent study of European aspen that showed clinal variation of 4 SNPs, suggestive of an adaptive response in phyB2 to local photoperiodic conditions (Ingvarsson et al. 2006) . However, the clinal pattern of variation seen in our study appears to be different, in that many differentiating SNPs are spread out over the entire sequenced portion of locus CT208 (;1.1 kb) but entirely in intronic regions. CT208 encodes a class III alcohol dehydrogenase, and its genomic location is in a region of very low recombination on chromosome 9 . The clinal pattern of nucleotide variation is quite different (Hudson and Kaplan 1985) . c Population recombination parameter per site (Hudson 2001) . d Average of squared allele-frequency correlations (r from a ''classical'' pattern expected under a selective sweep, where most of the neutral variation linked to the selected locus is lost. Generally, a selective sweep scenario can be detected by a reduction in nucleotide diversity (e.g., Maynard Smith and Haigh 1974; Kim and Stephan 2002; Beisswanger et al. 2006; Kane and Rieseberg 2007) . Three alternative possibilities to explain the clinal pattern of variation at CT208 among populations are 1) a nonadaptive scenario involving the retention of ancestral variation (i.e., haplotype groups were already diverged in the ancestral species, perhaps aided by subdivision) and its subsequent spatial patterning due to genetic drift and/ or patterns of gene flow within S. chilense, 2) a mutational origin of the derived haplotype and its subsequent spread due to positive selection, and 3) introgression of the derived, presumably beneficial haplotype from an unidentified donor species (or very divergent population). The first scenario cannot be entirely ruled out, but we note that the segregating variation in S. peruvianum is quite unlike that distinguishing the derived haplotype group in S. chilense; hence, one would have to assume the loss of this derived haplotype group in S. peruvianum by stochastic processes, despite its higher effective population size. The second possibility seems unrealistic because divergence appears to be too high for the derived haplotype group to have arisen by mutation within S. chilense. The third scenario amounts to introgression of an adaptive haplotype and its subsequent spread (see Morjan and Rieseberg 2004) . Two potential sources of origin for the derived haplotype are the close tomato relatives S. lycopersicoides and Solanum sitiens as both species occur within the geographic range of S. chilense. However, these 2 species are characterized by very strong reproductive isolation from S. chilense (Rick 1979) . Moreover, repeated attempts to amplify CT208 from S. lycopersicoides failed, implying some divergence from the haplotypes found in both focal species and S. ochranthum at the primer-binding sites. Thus, no definitive conclusion about the evolutionary processes underlying the observed clinal pattern at CT208 is warranted at present.
Population Structure and Its Consequences
We obtained levels of F st estimates in both species that indicate moderate population structure. Levels of genetic differentiation in wild tomatoes, which are insect-pollinated herbaceous perennials, are close to the mean level found in a meta-analysis of other comparable outcrossing plant species, based on allozyme data (Hamrick and Godt 1996) . Furthermore, our F st estimates in both wild tomato species are broadly consistent with sequence-based estimates in A. lyrata (Wright et al. 2003) and in the wind-pollinated tree species P. tremula (Ingvarsson 2005) . Life history traits such as the breeding system, life forms, geographic ranges, and seed dispersal mechanisms tend to be associated with different levels of genetic diversity within and differentiation among populations (Gottlieb 1977; Hamrick and Godt 1996) . However, the genetic diversity maintained by a species is not only a function of its life history traits but also heavily depends on the ecological and evolutionary history of the species.
Pollen and/or seed dispersal under equilibrium assumptions may not be sufficient to explain patterns of population differentiation in our samples, especially the low differentiation between the northernmost and southernmost population in S. peruvianum. An alternative to equilibrium gene flow as an explanatory framework for patterns of differentiation rests on the likely importance of soil seed banks and historical associations of tomato populations mediated by climatic cycles and/or range expansion following divergence from their common ancestor (see below). Soil seed banks can have major impacts on effective population size and consequently the maintenance of genetic diversity in plants (Levin 1990; Nunney 2002; Roselius et al. 2005) . In addition to population structure per se, they might be a factor prolonging the time needed for local adaptation and/or selective sweeps and more generally in retarding genetic differentiation among populations.
The El Niño Southern Oscillation (ENSO) is a key phenomenon for weather patterns in the tropical Pacific Ocean (DeVries 1987; Tudhope et al. 2001; Tudhope and Collins 2003) ; these cyclical events are expected to affect seed germination, plant establishment, and other aspects of plant ecology and evolution over large regions of coastal western South America (Gutiérrez and Meserve 2003) . Although published data for wild tomatoes are lacking, we conjecture that the effects of ENSO might result in high (transient) levels of connectivity across the species range and might fuel species-wide or regional expansions and contractions. Hill and Weir (1988) given in Materials and Methods.
Perhaps our most interesting finding is that Tajima's D T and Fu and Li's D FL statistics are higher in the samples of the individual populations than in the pooled samples, where the pooled samples show a significant excess of singletons and other low-frequency polymorphisms (differences between among-population means and pooled-sample estimates of D T and D FL are À0.89 and À1.31 in S. peruvianum and À0.87 and À1.53 in S. chilense, respectively; table 3). We suggest that this excess of singletons is a consequence of the interplay of population structure and demographic effects in both wild tomato species but in ways not generally understood in the literature. Based on simulations of the island model, it is frequently stated that the pooling of samples from different populations should increase the proportion of intermediate-frequency polymorphisms (e.g., Pannell 2003; Ingvarsson 2005) . However, this expectation of a more positive Tajima's D upon pooling should be restricted to high levels of population subdivision, where pooling leads to long internal branches of the gene genealogies with fixed differences between sequences obtained from different demes. For our data, the absence of fixed nucleotide differences between populations implies that pooling the population samples does not result in additional internal branches of the genealogy that would account for higher proportions of intermediate-frequency polymorphism. Rather, pooling of samples yields an excess of singletons as most of the singletons within local populations still remain singletons in the pooled sample.
Although these features of our data can explain why Tajima's D for the pooled sample is not elevated compared with single populations, the critical observation of an excess of singletons compared with neutral equilibrium expectations (i.e., strongly negative D T and D FL ) requires an additional explanation. More strongly negative D T values for pooled samples were noted in many previous studies (e.g., Ptak and Przeworski 2002; Ingvarsson 2005; Liu and Burke 2006; Pool and Aquadro 2006; Moeller et al. 2007) , with several authors concluding that population structure per se is largely responsible for the skew in the sitefrequency spectrum (e.g., Moeller et al. 2007 ). However, we argue that the effect of population structure, in interaction with the sampling scheme, is to partially mask the impact of regional or species-wide demographic history on the site-frequency spectrum, as explained below.
Simulating range expansions under a stepping-stone model, Ray et al. (2003) found that the extent of population subdivision (i.e., low or high migration rate) has a marked impact on whether the signal of species-wide expansion can be recovered from single-deme samples. Simulated gene genealogies were star-like under high rates of migration (i.e., approaching samples from unstructured populations undergoing expansion) but were like those expected under demographic equilibrium under low levels of migration (i.e., the frequency spectrum did not reflect the actual species-wide demography). Analyzing an infinite-island model analytically, Excoffier (2004) obtained very similar results. Complementary simulation work on the joint effects of population subdivision and the sampling scheme on patterns of polymorphism and the site-frequency spectrum (under constant effective population size) has demonstrated essentially the same phenomena (De and Durrett 2007) . In their simulations, samples drawn from single demes were characterized by positive Tajima's D and higher levels of LD compared with species-wide samples (single sequences each taken from many demes), with the effect being stronger under stepping stone than under island spatial structure.
All these results can be understood in terms of the underlying sample genealogies and point toward the importance of sampling schemes in drawing inferences from patterns of sequence polymorphism. The ''pooling effect'' (i.e., lower or more negative D T and D FL for pooled population samples) on the one hand reflects the fact that depending on their degree of isolation, local samples tend to harbor related sequences (Wakeley 2001; Ray et al. 2003) . On the other hand, pooling samples from distinct populations is akin to increasing the proportion of (unrelated) migrants and should result in genealogies intermediate between those characterizing single demes and those found for species-wide samples. Importantly, coalescent simulations using the ms program (Hudson 2002) suggest that in general, strongly negative Tajima's D values can only be observed under population expansion and thus cannot be accounted for by population subdivision per se (Merino C, Pfaffelhuber P, Stephan W, Städler T, unpublished data). This does not rule out possible contributions of purifying selection (resulting in a more skewed site-frequency spectrum for nonsynonymous SNPs or other sequences under functional constraints) to such a pattern in particular data sets (e.g., Nordborg et al. 2005; Pool and Aquadro 2006; Moeller et al. 2007 ).
Recombination and the Decay of LD Intragenic LD decays rapidly to very low levels (r 2 , 0.05) within a few hundred basepairs in both species of wild tomatoes. This is true even at the loci with very low estimates of the physical recombination rate (CT093 and CT208; Stephan and Langley 1998; Roselius et al. 2005) , suggesting considerable levels of recombination at all loci, as also shown by appreciable R m estimates in both species. Hence, the estimates of the physical recombination rate at some loci might possibly be underestimated. Moreover, high levels of haplotype diversity in both species also imply sufficient levels of recombination, which consequently result in the rapid decline of LD in both species ( fig.  2 and table 6) .
The difference in LD observed across species is a result of the interplay of many factors, such as recombination rate, mating system, selection, effective population size, and population structure (reviewed by Rafalski and Morgante 2004) . Among these factors, high recombination rate, obligate outcrossing, and high N e in concert provide the most plausible explanation for the rapid decline of LD in our samples, whereas the more extensive LD seen at locus CT208 in S. chilense is easily explained by the unusual haplotype structure within and among populations (i.e., clinal pattern of variation). Overall, the rapid decay of LD in wild tomatoes is comparable to that previously documented in several outcrossing plant species. For example, LD decays to about 50% within 2 kbp in loblolly pine (Brown et al. 2004) , within a few hundred basepairs in Norway Spruce (Heuertz et al. 2006) , 0.2-1.5 kbp in maize (Remington et al. 2001; Tenaillon et al. 2001) , to negligible levels within 250 bp in European aspen (Ingvarsson 2005) and within 200 bp in wild sunflower (Liu and Burke 2006) . In plants, particularly, different mating systems and recombination rate are important factors that affect the decay of LD with distance. The relationship between recombination and mating system can increase or decrease levels of LD. Physical recombination is less effective in selfing populations where individuals are more likely to be homozygous (Nordborg and Donnelly 1997) ; therefore, LD will be more extensive in selfing than in outcrossing populations. Indeed, under a primarily selfing mating system, significant LD extends to 250 kbp in A. thaliana (Nordborg et al. 2002 (Nordborg et al. , 2005 , to 100 kbp in rice (Garris et al. 2003) , to .50 kbp in soybean (Zhu et al. 2003) , and to about 70 kbp in potato (outcrossing species but usually vegetatively propagated; Simko et al. 2006) .
Conclusion
Given that wild tomatoes are subdivided species, our assessment of population structure allowed us to discover and interpret several patterns of variability. First, analyzing a few genuine population samples enabled us to find and interpret the clinal pattern of variability at CT208 as a potential signature of an ongoing selective sweep in S. chilense. Sampling only a single population or, alternatively, single individuals from many demes across the species range might have entirely missed this signature. We propose that population structure is one of the most important evolutionary forces that shaped patterns of nucleotide diversity within and among populations in these wild tomatoes. Our finding that pooling samples from different populations yields an excess of low-frequency variants was instrumental in inferring population expansion for both species and more generally to make sense of the differences in sample genealogies under schemes ranging from singledeme to species-wide sampling. One important implication is that one may obtain signals of the species-wide demographic history not only from species-wide samples but also by sampling a few populations; the magnitude of the pooling effect and the pooled site-frequency spectrum (in the form of D T and D FL estimates) should be conservative indicators of a population (or range) expansion. Finally, the rapid decay of LD in both species is very useful for highresolution mapping in association studies, provided that appropriate candidate genes are chosen. For this purpose, however, a high-density marker screening would be needed.
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